Introduction
Temperature affects all biological processes from molecules to behavior. Seasonal and diel temperature fluctuations can be extensive. Compared to terrestrial organisms, aquatic, and especially oceanic, organisms experience more narrow temperature ranges. Nevertheless, temperature is a * To whom correspondence should be addressed. E-mail: petra@pbrc.
hawaii.edu major factor in their ecological physiology and drives their population cycles. Physiologically based parameters, such as growth, reproduction, distribution, and behavior, of marine poikilotherms are affected by temperature. Many highlatitude species, such as the copepod Calanusjinmarchicus, are adapted to low temperatures (< 4 "C). C. finmarchicus dominates the mesozooplankton in the North Atlantic from early spring to midsummer (Marshall and Orr, 1955) . In the late summer and fall, these animals go through a diapause period as pre-adults, in copepodid stage five (CV), before maturing and re-initiating the population cycle in later winter to early spring. In its natural habitat, C. Jinmarchicus experiences a temperature range from below zero to over 15 "C, with optimal temperatures for population growth between 4 and 12 "C (Meise and O'Reilly, 1996; Hirche et al., 1997) .
Interest in understanding and predicting population growth, distribution, and advection patterns have led to many field and experimental studies as well as to modeling efforts. Temperature, food quantity and quality, and predator abundance all contribute to observed spatial and temporal patterns (e.g., Meise and O'Reilly, 1996; Campbell et al., 2001; Dale et al., 2001) . Temperature effects on growth and egg production are important components in models to predict the population dynamics of C. Jinmarchicus (e.g., Carlotti and Hirche, 1997) . This species is a major food source for many North Atlantic fishes, and predation is another key factor in its population dynamics (e.g., Sullivan and Meise, 1996; Eiane et al., 2002) . Temperature effects on predator-evasion behavior should thus be important in populations subjected to high predator abundances (Durbin et al., 1995b; Sullivan and Meise, 1996; Dale and Kaartwedt, 2000) . To assess this possible impact, we examined the effects of temperature on the escape response of C.
jiiimarchicus. The response consists of one or more propulsive "kicks" produced by the metachronal posterior-to-anterior sequence of posteriorly directed power strokes of the five pairs of thoracic pereiopods (Storch, 1929; Strickler, 1975) . Escapes were elicited using a brief hydrodynamic stimulus, and the response was monitored with a force transducer and high-speed video. Parameters of the escape response were examined over a temperature range of 3 to 16 "C in an experimental period of 4 to 8 h.
Materials and Methods

Collection and maiittennrzce of Calanus finmarchicus
Plankton were collected in Frenchman Bay off Mount Desert Island, Maine (44" 25.7' N, 66" 11.8' W) by towing a 0.5-m-diameter net (353-pm mesh) at a depth of about 5 m from a slowly moving boat. The collections were immediately diluted into 20-liter buckets and returned to the laboratory, where specimens of C. finnzarchicus were sorted into 3.5-and 1.75-liter jars. The copepods were kept at 7 to 9 "C in a 12-h light-dark cycle. They were fed a mixture of Tetraselmis sp., Gymnodiniuin sarzguinium (strain B4), Heterocapsa tviquetra (strain HT984), and Oqrrhis marina (strain CCMP1795) three times per week. A number of individuals molted from the copepodid five stage (CV) to adult in the time (up to 6 weeks) they were held in jars prior to the behavioral experiments. Only responsive individuals with intact antennae were used in the experiments.
Experimental setup
The setup for the behavior experiments has been described in detail elsewhere (Lenz and Hartline, 1999) . Briefly, individual copepods were tethered to a force transducer with cyanoacrylate adhesive and transferred to the experimental dish. In the dish, the tethered copepod was positioned about 2 mm from the edge of a 3-mm-diameter sphere. The sphere was attached to a piezoelectric transducer (Burleigh PZL-060), which was computer-driven. The rapid vertical movement of this sphere produced a hydrodynamic disturbance, which decayed with distance from the center of the sphere following the principles of dipole spread (Gassie et al., 1993) . The typical stimulus used in these experiments was a trapezoidally modulated 1.5-cycle sinusoid of 700 Hz, with a maximum vertical excursion of the sphere of 34 pm. The experimental animal was stimulated at 10-min intervals. If the animal did not respond with one or more kicks, it was stimulated again 1 min later with a larger hydrodynamic disturbance (3 X greater in magnitude). The magnitude first eliciting a response at any particular temperature was defined as threshold. In a few cases, the first reaction would be elicited at exceptionally high stimulus intensities, and it would be found that the animal thereafter would respond to much weaker stimuli. It was as if the strong stimulus served as a "wake-up call." In such cases, the weakest stimulus strength eliciting responses was taken as threshold. Once threshold was determined, the animal was tested again at 3 and 10 times threshold, allowing 10 min between tests. The suprathreshold tests were used to minimize the natural variability in responses that occurred near threshold and to provide some indication of the dependence of the responses on stimulus intensity. The reproducibility of responses to stimuli delivered at 10-min intervals or even less indicated that the recovery time allowed was adequate to avoid cumulative effects.
Teinperature control
The experimental chamber was placed in a water bath used to control chamber temperature through the addition of ice. The initial experimental temperature was near the maintenance level (7 to 9 "C). In the initial phase of the experiment, the water temperature was cooled to below 5 "C.
During the warming phase, multiple data points were obtained in the 7 to 9 "C range before allowing temperature to slowly rise to 15 "C. This warming phase typically lasted 2 to 3 h. It was followed by a phase of cooling to the original temperature range of 8 to 9 "C. This temperature was then maintained for 1 to 2 h, with responses monitored every 10 min. Behavior pattern progressions seen during the warming phase were encountered in reverse at about the same temperatures during the subsequent cooling phase. This protocol was used to assure that changes in behavior were related to temperature effects and not due to drift in the experiment.
Acceptance criteria
A total of 14 adult males, 4 adult females, and 10 preadults (stage CV) provided data of sufficient quality for at least partial analyses. Criteria for assessing experiment quality included high sensitivity to hydrodynamic stimulation (thresholds < 500 prn-s-l); consistent, short-latency (< 6 ms), strong responses (> 400 p N peak force); and complete, properly executed experimental testing over the full temperature range (5 to 15 "C), with return of responses to control patterns at the end of an experiment (8 to 9 "C). Experiments on 5 males and 1 stage CV fulfilled these criteria sufficiently that full analyses were made. The quantitative conclusions presented here are based on these individuals. These conclusions were confirmed qualitatively in the remaining animals.
Data analysis
Measurements performed on the force traces are indicated in Figure 1 . Latency, or stimulus and the response, was measured as the time between the onset of the stimulus (time zero) and the force zero crossing at the beginning of the forward propulsive force, as shown in Figure 1 ("L").Duration of the kick (ms) was measured as the time from the latency measurement to the end of the kick ( Fig. 1, "D" ). The end of the kick was characterized by a rapid change in slope and usually corresponded to the zero crossing. Maximum force (pN) was measured as peak force achieved during the kick ( Fig. 1 , "Max Force"). In some experimental animals, a high-frequency resonance in the transducer was generated by the pereiopod power strokes. In these cases, maximum force was measured to the midvalue of this high-frequency oscillation. Force rise time (ms) was measured as the time between the onset of the increase in force and the first peak ( Fig. 1, " RT"). Force development rate (~N ' s~' ) was calculated as the ratio of the magnitude of the first clear peak in force divided by the rise time. Responses with multiple kicks were noted, and "kick" frequencies were calculated from the time between two consistent points in the peak force produced by a pair of pereiopods, usually the third pair ("Freq"; Fig. 1 ). As a convenient and conventional way of comparing temperature dependence among parameters and species, a Q,, value was calculated from the slope of a semilog plot of a given parameter, P, versus temperature, T: Q,, indicates the factor by which a parameter changes for a 10 "C temperature change. It may be computed for a pair of temperature points (as we have done in presenting data obtained from text or figures in the literature in Tables 3 and  4) or, as with our present data, using a linear regression on log-transformed points over a range of temperatures. Technically, computation of a Q,, is founded in rate kinetics, but application of the formalism to nonkinetic parameters is widely used in the literature on thermal dependence of biological phenomena (e.g., Prosser, 1973) , hence its application in the present paper.
Results
We typically collected C. jirzmarchicus at stage CV, and many of these molted into the adult stage during captivity. Adults obtained were mostly males, so only a few experiments were performed on adult females and stage CV individuals.
Ambient response projiles
At 8 to 9 OC, adult males usually responded to a hydrodynamic stimulus of up to 10 times threshold with a single escape kick, generated by the coordinated power strokes of the five pairs of pereiopods (Fig. 2) . Occasionally, males would respond with multiple kicks (2 or 3) in quick succession (e.g., Fig. 5 , 8 "C trace), or a second kick after a delay of 50 to 150 ms. Latencies varied with stimulus amplitude (see Fig. 4 , open vs. closed symbols). For stimuli 3 times threshold, latencies or response delays in the adult males ranged from 2.8 to 3.6 ms. Maximum force. fre- quency of kicks, and duration of individual kicks did not change with stimulus amplitude. Measurements of these parameters were thus combined in the analyses. Duration of individual kicks was short, ranging from 8.7 to 12.6 ms, and the maximum force produced ranged from 580 to nearly 800 p N ( Table 1 ). The force record for each kick typically registered three to four individual peaks, with the second or third peak producing the largest force (Fig. 2) . These force peaks have been shown to correspond to power strokes of individual pereiopods (Alcaraz and Strickler, 1988; . Compared to males, adult females and CVs showed a different pattern in escape behavior. Many of them were relatively non-responsive. Responses, even to very large stimuli, were limited to swimming with the feeding appendages or to very weak kicks with forces of 100-200 pN. Those females and CVs that were responsive produced long trains (20 or more) of pereiopod kicks in quick succession at frequencies of 30 to 70 Hz (Fig. 3) . Maximum forces in these responsive individuals (females and CVs) ranged from 400 to over 1000 pN. Table 1 summarizes quantitative data for the single CV that fulfilled our acceptance criteria (CF00-02). We were unable to identify any features or conditions separating responsive from non-responsive animals.
Sensitivity
Responsive animals reacted to the mechanical stimulus at all temperatures tested, but threshold was not constant. At the lower temperatures (below 11 "C), animals tended to be quiescent between trials, with only intermittent swimming using the feeding appendages and with thresholds as low as 250 pm~s-'. At the higher temperatures (above 11 "C), swimming with the feeding appendages was nearly continuous, with only short quiescent periods, and stronger stimuli As the temperature increased, latency shortened, maximum force increased, and duration of the kick decreased. Between 3 were required to trigger escapes (Sign test, P = 0.0625;
and 16 "C, latencies declined by one-third (Fig. 4) . Minimum Siegel, 1956) . We infer that the movements of the animal latencies of 2 to 2.5 ms were measured in adult male and CV probably interfered with its detection of stimuli. Responses C.$nmarchicus between 13 and 16 "C. However, even at 3 "C, to the mechanical stimulus had shorter latencies, had faster the animals responded to the hydrodynamic stimulus in 4 ms or rates of rise of propulsive force, and were more powerful at less. Q,, values calculated for latencies ranged from 1.2 to 1.6 the higher temperatures (Fig. 2) . Adult males increased their for 6 different individuals (Table 2) .
response by producing a second and sometimes even a third series of kicks after a pause of 50 to 150 ms (Fig. 3) .
Kick kinematics
Although we observed this type of response in 4 of the 5 The rate of rise of propulsive force and, to a lesser extent, experimental adult males at temperatures above 11-12 "C, the duration of the kick are related to the speed of muscle the pattern was frequent in only one individual (20% of all contraction during the power strokes. Duration varied responses). The number of kicks produced by C. finmarchiamong individuals, from a minimum of 7.6 ms (CV, CFOOcus CVs and adult females increased with temperature from 02) to 12.6 ms (adult male, CF01-09; Table 1 ). It declined 3 to 5 to over 20 above 12 "C (Fig. 3) .
with temperature ( Fig. 5) with a Q,, of 1.3 to 1.5 (Table 2) . 
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Qlo values calculated for parameters listed in column 1.Data from 5 adult males (CFO1-09, CF01-22, CF01-26, CF01-27, and CFOI-31) and one pre-adult stage CV (CF00-02). In experiments CF01-22 and CF01-26, the animal responded with a single kick at all temperatures; hence no Qlo value for kick frequency. Resonances in the force records for CF00-02 precluded accurate measurements of force development.
In addition to the shortening of the kick at higher temperatures, the force transients increased in amplitude and fewer distinct peaks (2 or 3 instead of 4) were recorded (Fig. 2) . High-speed video recording during two experiments (CFO1-09, CFO1-11) showed that changes in the shape of the force records correlated with changes in the pereiopod power strokes. Overall, the individual power strokes were faster, and often the strokes of two adjacent pairs of pereiopods came in quick succession with no decline in peak force in between. This was particularly true for the fourth, third, and second pereiopod pairs. In contrast. there was a delay between the power strokes of the second and first pereiopod pairs, which registered as a distinct final peak in the force record. With increased temperature (Fig. 6) , maximum force increased with a Q,, value of 1.2 to 1.9 (Table 2) . Force development rate increased with temperature as well (Fig. 7) , with a Q,, value ranging from 1.3 to 2.0 ( Table 2) .
Frequency of kicks
As mentioned previously, adult males had a tendency to respond to the hydrodynamic stimulus with single kicks (66% to 100% responses in the five experiments). However, in three experiments, the individuals responded with double or triple kicks (16%, 22% and 34% of rksponses). In these individuals and in the pre-adult C. finmarclzicus (CV, Fig.  3 ), kick frequency increased as a function of temperature (Fig. 8, Table 2 ). At the lower temperature (< 8 "C), the kick rate was between 40 and 50 Hz (Fig. 8) . At the highest temperatures tested (12 to 16 "C), multiple kicks in the males and the CV individual were produced at a frequency of 60 to 70 Hz. Q,, values ranged from 1.2 (CV) to 1.9. 
Discussion
Calanusfinrnarchicus occupies a central role in the North Atlantic ecosystem, and temperature is a key factor driving its population dynamics. Several previous studies of thermal effects have been made. In its natural habitat, C. finmarchicus typically experiences temperatures from 4 to 12 "C (Durbin et a/., 1995a; Meise and O'Reilly, 1996; Gislason and Astthorsson, 2000; Dale et a/., 2001) . However, this species also occurs at temperature extremes below 0 "C (Head et al., 1999) and up to 18 "C (Turner et al., 1993) . Temperature tolerance of C. jnnzarchicus is high in this range (Hirche, 1987) , which covers the range we studied in the present experiments. Mortality rises sharply between 18
and 22 "C, with 50% mortality occurring at 20 "C (LT,,) and 100% mortality at 22 OC (Hirche, 1987) . Thermal stress response, as determined by the up-regulation of the heat shock protein hsp70, occurs at 18 OC for a prolonged exposure (48 h, Voznesensky et al., 2004) .
Temperature exerts its effects on an organism through its relation to molecular motion. Physical properties derived from molecular interactions (e.g., phase transitions, membrane fluidity) and rates of biochemical reactions are usually the most important temperature-sensitive factors. Metabolic reaction rates typically show Q,, values of 2-2.5 (Prosser, 1973) , and several biological functions have Q,, values in this range or above. Thus in C. jnmarchicus, strong temperature dependence has been found for rates of growth (Q,, = 3.4 for dry weight: Campbell et al., 2001 ) and egg production (Q,, of ca. 5: Hirche et al., 1997) . More closely related to behavior are effects on respiration. Within the copepod's ecological range of 0 to 12 OC, Hirche (1987) found a Q,, of 3.3 for respiration. Table 3 shows Q,, values for various biological processes in C. jinmarchicus. All those of a metabolically or biochemically reactive nature show a Q,, greater than 2.
Ne~lroinotor components of escape
Interpreting quantitative measures of the thermal dependence of behavioral performance requires reference to the neuromotor mechanisms underlying the escape response. The production of an escape response in C. jinmarchicus involves several temperature-dependent steps (e.g., Lenz and Hartline, 1999), including transduction of the hydrodynamic stimulus at the receptor cell membrane, encoding of the stimulus in a nerve-impulse barrage, propagation of the barrage along a chain of myelinated axons coupled by electrical synapses from sensory neurons to interneurons to motor neurons, and transmission across the chemical synapse at the neuromuscular junction where electrical activation of the muscle initiates the contraction that produces the pereiopod power stroke. Figure 9 illustrates this sequence and includes calculated values for the delays contributed by each step, at temperatures between 3 and 16 OC, based on measured values given in the literature for rapidly reacting poikilotherms. Two points emerge from this analysis. First, the observed reaction time at the higher temperatures is shorter (symbols and lower time scale, Fig. 9 ) by a factor of at least 2 than the time computed by summing all of the predicted delays for all of the steps (solid line and upper time scale, Fig. 9 ). Second, the low temperature dependence of the C. jinmarchicus reaction time increases this discrepancy several-fold at low temperatures. Not only is this copepod much faster than can be accounted for on the basis of normal physiological parameters, but it is much better temperature-compensated than would be expected. Studies in other animals show that it is often not easy to explain the temperature dependence of burst-locomotion performance in terms of measurements of isolated neural and muscle function (Bennett, 1985 ; Table 4 ). Q,, values under 2 are reported for the jump speeds of frogs (Navas et al., 1999) , for the C-start-mediated escape behavior of larval fishes (Batty and Blaxter, 1992 ; Table 4) , and for the S-start of sculpin (Beddow et al., 1995;  Table 4 ). In squid, behavioral measures such as rate of rise in intramantle pressure showed little dependence on temperature (6-12 "C) in intact animals, and peak pressure and maximum velocity achieved actually increased with decreasing temperature, suggesting a compensatory mechanism operating at a higher level in the nervous system (Neumeister et al., 2000; Rome et al., 2000) . Compensation for temperature effects may include switching to alternative muscles and neural pathways at lower temperatures (Neumeister et al., 2000; Rome et al., 2000) . The simplicity of the reflex circuitry in C. jiizmarclzicus makes it difficult to envision alternative pathways. The range of Q,, values found in this species is comparable to or lower than that for escape performance in most poikilotherms (Table 4) . Power-stroke repetition frequency is another parameter that is often neurally controlled. In land vertebrates, the thermal dependence of muscle twitch contractions is thought to limit repetition rates (Bennett, 1990) . In aquatic organisms, movements are slowed by the greater density and viscous forces in the water. Generation of rhythmic motor patterns in nervous systems is typically an endogenous function of a "central pattern generator" circuit. Rel- Corey and Hudspeth, 1983) ; encoding: 0.25 ms (15 OC, copepod (Labidocera) minimum spike latency: Yen et al., 1992) , Q,, = 1.0 (cockroach tactile spine : French, 1985) ; conduction: 0.4 ms [4 mm at 10 m.s-'1 (24 "C), Q,, = 1.8 (frog 10-pm-diameter myelinated axons: Bullock and Honidge, 1965) ; 2 electrical synapses: 0.4 ms (15 "C, crayfish lateral giant to motor giant neuron: Roberts et al., 1982) , Q,, = 1.9 (crayfish segmental giant to motor giant neuron: Heitler and Edwards, 1998) ; neuromuscular junction delay: 1.3 ms (10 "C), Q,, = 3.1 (frog sartorius: Katz and Miledi, 1965) , muscle activation 2.0 ms (17 "C, lobster antennular remoter muscle: Mendelson, 1969) , Q,, = 2.2 (barnacle adductor muscle: Hagiwara et al., 1968) . The origin of the twofold discrepancy in scale at low temperatures is unresolved. Exceptionally rapid neuromuscular junction and activation times may be involved. Abbreviations: in, interneuron; mn, motor neuron; nmj, neuromuscular junction; sn, sensory neuron. ative immunity to temperature changes has been described perature-sensitive than force magnitude parameters (e.g., for burst generation in some isolated nervous systems, while reviewed by Bennett, 1985 Bennett, , 1990 ; Table 4 ), as the former sensitivity is high in others (Barker and Gainer, 1975;  are closely linked to molecular reactions (e.g., MitAnderson, 1976; Table 4 ). Our results indicate that the tenthal, 1975). As this general rule would dictate, copecentral pattern generator for multiple kicks in C.jinmarchipod maximum force had a somewhat lower, albeit not cus males, with an unknown contribution from sensory significant, Q,, (Sign test, P = 0.19; Siegel, 1956 ) than feed-back, is relatively insensitive to temperature shifts did the rate of rise of force. These numbers were com- (Table 3) . parable to those found in vertebrates (Tables 3 and 4) . Kick duration, maximum force, and force development Thus, although C. jinmarchicus muscle is unusual in its rates are muscle-related processes. Rate processes in speed (cycle rates of 40 to 50 Hz at 8-9 O C ) , its tempermuscle (e.g., rate of force development) are more temature dependence seems "conventional." " Magnitudes, not rates, measured.
Value dependent on muscle stretch.
" Combined transduction and encoding.
Values given for time intervals are l/Q1,.
'Cited in Bullock and Horridge, 1965. Cited in Rosenthal and Bezanilla, 2000 .
Tombined short conduction delay + neuromuscular junction delay + activation delay.
Abbreviations: epsp, excitatory post-synaptic potential; FETi, fast extensor tibiae motor neuron; FTiMN, flexor tibiae motor neuron; I,, receptor current; LG, lateral giant neuron; MoG, motor giant neuron; P, pressure; Po, tetanic tension; PSP, post-synaptic potential.
Ecological consequences of temperature compensation
The temperature range tested in our experiments is within the normal range that C. finmarchicus experiences in the Gulf of Maine. For many aquatic organisms, the challenge is maintaining high behavioral performance in the face of declining metabolic capabilities as temperature drops. This "temperature compensation" capability, as indicated by a low Q,, value, seems to have been achieved by C. jinmarchicus adults and stage CV pre-adults in all parameters measured for the escape behavior. This would suggest that C. finmarchicus is well adapted to escape from predators at low temperatures. Population models do not usually incorporate changes in behavior as a function of temperature in predator-prey interactions (e.g., Fiksen and Folkvord, 1999; Fiksen and MacKenzie, 2002 ). Yet even small differences in the temperature-dependence of behavior can affect predator-prey outcomes in natural populations. Predator densities and hence predatory risk change seasonally. However, risk depends not only on predator density but also on seasonally varying changes in relative capture, and escape performance due to temperature effects. The complexity of this interaction has been demonstrated by Sell et al. (2001) , who found increased ingestion rates with a decrease in temperature in one predator but not in another predator feeding on the same prey.
